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ABSTRACT
Camellia atrothea H.T. Chang, H.S. Wang & B.H. Chen 1983 is a native Camellia species in China, which
has significant economic and breeding values. Here, we assembled and analyzed the complete chloro-
plast genome sequence of C. atrothea based on the whole genome sequencing data from Illumina
NovaSeq6000 platform. Results show that the complete chloroplast genome of C. atrothea is
157,099bp in length, and comprises a large single-copy (LSC, 86,643bp) region, a small single-copy
(SSC, 18,276bp) region, and a pair of inverted repeats (IRs, 26,090bp) region. Annotation of the C. atro-
thea chloroplast genome predicts a total of 133 genes, including 88 protein-coding genes, 8 ribosomal
RNA genes, and 37 transfer RNA genes. The overall GC content accounts for 37.30% of the genome,
which is clearly consistent with that of other previously published Camellia species from section Thea.
Phylogenetic analyses of the whole chloroplast genome sequences of 14 Camellia species using
Actinidia chinensis as outgroup reveals that C. atrothea has a close relationship with C. leptophylla.
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Introduction

Camellia atrothea is an economically important Camellia spe-
cies of section Thea from Theaceae family (Chang 1981). It is
mainly distributed in Yunnan Province, southwest of China
(Ming and Bartholomew 2007). As a wild related species of
cultivated tea plants (C. sinensis), C. atrothea contains rich tea
quality-related secondary metabolites and excellent resistance
gene resources, which shows great economic and breeding
values for tea germplasm innovation and production.
However, due to the excessive exploitation of the young
leaves of this species to process tea, the wild habitats of
C. atrothea has been seriously damaged, which is in urgent
need of scientific conservation toward sustainable utilization
of this valuable Camellia plants (Huang 2016).

Chloroplast genome sequences are crucial genetic resour-
ces in revealing the origin and genetic relationship of plant
species, and particularly have great significance in species
identification, classification, and conservation (Daniell et al.
2016). In the past decades, the innovation of next generation
sequencing technology has largely promoted the nuclear and
organelle genome sequencing of hundreds of flowering
plants. Of them, a total of 67 chloroplast genome from
Camellia plants, such as C. sinensis, C. taliensis, and C. oleifera,
have been released, which has accelerated the phylogenetic
resolution and conservation of Camellia plants (Huang et al.
2014; Yang et al. 2013). Nevertheless, the chloroplast genome

of C. atrothea has yet to be reported, which has restricted
the genetic conservation of C. atrothea for its better utiliza-
tion in the future.

In the present study, we deeply sequenced and assembled
the chloroplast genome of C. atrothea using whole genome
sequencing data from Illumina platform. Through compre-
hensive annotation and evolution analysis, we aim to provide
insights into the genome characterization and evolution of
this important Camellia plant, which would help genetic
research and breeding progress of cultivated tea plants in
the future.

Materials and methods

Plant material collection and DNA extraction

The mature leaves tissues of C. atrothea were collected from
Pingbian County, Yunnan Province, China (103�420E, 22�580N)
in October 23th, 2017. The specimens were deposited at the
State Key Laboratory of Tea Plant Biology and Utilization,
Anhui Agricultural University under specimen number
LH#134 (https://tealab.ahau.edu.cn; Prof. Enhua Xia, xiaen-
hua@gmail.com). After collection, the leaves were stored in
liquid nitrogen and the genomic DNA was extracted using
polysaccharides and polyphenolics-rich plants kit following
the manufacturer’s instruction (TIANGEN, China).
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Library construction and sequencing

The high-quality DNA was used to construct a 500 bp insert-
size paired-end sequencing library following the Illumina’s
instructions. The constructed library was sequenced by
Illumina NovaSeq6000 platform. The raw sequencing data
was preprocessed using SolexaQA (Cox et al. 2010) to remove
adaptors, low-quality base (phred score <20), short read
(length < 30 bp), and potential contaminations.

Sequence assembly and annotation

The high-quality whole genome sequencing reads of C. atro-
thea were first to aligned to the chloroplast genome sequen-
ces of 55 Camellia plants using BWA software with default
parameters. The aligned reads were then extracted and
regarded as chloroplast-derived sequences. The sequencing
reads of C. atrothea chloroplast genome were then
assembled using GetOrganelle (Jin et al. 2020). Annotation of
the chloroplast genome of C. atrothea was performed using
GeSeq (Tillich et al. 2017), followed by manual adjustments
according to the homologous genes of cultivated tea plants
C. sinensis (MW148820). The resulted GenBank annotation file
was used to visualize chloroplast genome map by CPGView
(http://www.1kmpg.cn/cpgview/). The simple sequence
repeat of C. atrothea chloroplast genome was identified using
MISA package (Beier et al. 2017), and their polymorphic sta-
tus among 67 Camellia plants were investigated using
CandiSSR package (Xia et al. 2015).

Phylogenetic tree construction

A total of 13 chloroplast genomes from Camellia species, includ-
ing C. kwangsiensis (KJ806284), C. taliensis (NC_022463), C. luteo-
flora (KY626042), C. yunnanensis (NC_022264), C. gymnogyna

(NC_039626), C. fangchengensis (MG198672), C. oleifera
(MF541730), C. crapnelliana (NC_024541), C. sasanqua (NC_
041473), C. sinensis var. pubilimba (KJ806280), C. sinensis var.
assamica (MH394410), C. ptilophylla (NC_038198), C. lepto-
phylla (NC_024660), and C. atrothea (OK382089), were down-
loaded from NCBI GenBank database. The whole chloroplast
genomes of the 13 Camellia plants and outgroup Actinidia
chinensis (MW596240) were then aligned using MAFFT with
default parameter (Katoh and Standley 2013). The best suit-
able model for phylogeny construction was estimated by
jModelTest (Darriba et al. 2012) from 88 different nucleotide
substitution models using Bayesian Information Criterion. The
phylogenetic tree was constructed using RAxML (Stamatakis
2014) package with default parameters. The bootstrap
support value was calculated from 1000 iterations. The
resulted tree was visualized using MEGA software (Tamura
et al. 2013).

Results

We sequenced and analyzed the whole genome sequence of
C. atrothea using Illumina NovaSeq6000 technology. This gen-
erates a total of 374,897,845 high-quality reads, of which
8,913,959 were chloroplast-derived reads and well aligned
with the published chloroplast genome sequences of 13
Camellia plants from section Thea (Figure 1). The average
coverage of the chloroplast DNA was 8511�. The obtained
chloroplast-derived clean reads were then assembled using
GetOrganelle and further annotated using GeSeq by compar-
ing with homologous genes of cultivated tea plants C. sinen-
sis (MW148820; Chen et al. 2021). The complete chloroplast
genome sequences of C. atrothea together with its annota-
tions have been deposited into the NCBI GenBank database
under the accession number of OK382089.

Figure 1. Sample collection of Camellia atrothea used for DNA sequencing in the present study. (A) Whole plant of the collected individual (imaged by Yanli Wang).
(B) Mature leaves used for sequencing. (C) Statistics of the sequencing data.
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The chloroplast genome of C. atrothea is 157,099 bp in
length, and structurally contains a small single-copy region
(18,276 bp), a large single-copy region (86,643 bp), and a pair
of inverted repeat regions (26,090 bp) (Figure 2). The base
composition of the genome is 31.06% A, 31.64% T, 19.01% C,
and 18.29% G, with a GC content of 37.30%. Annotation of
the C. atrothea chloroplast genome identifies a total of 133
genes, including 88 protein-coding genes, 8 rRNA genes, and
37 tRNA genes (Supplemental Figures 1-2). Results also find
that the C. atrothea chloroplast genome harbors a total of 72
simple sequence repeats (SSR); of them, mono-nucleotide
repeats are the most abundant SSR type (53; 73.61%), fol-
lowed by tetra-nucleotides (12; 16.67%), di-nucleotide
(4; 5.56%), hexa-nucleotides (2; 2.78%), and tri-nucleotides
(1; 1.39%) (Supplemental Table 1). Further check their poly-
morphism showed that 7 of them (9.72%) are polymorphic
among 67 Camellia species, providing valuable genetic
markers to assist tea breeding programs in the future
(Supplemental Table 2).

To further examine the phylogenetic relationship between
C. atrothea and other Camellia plants, we collected a total of
13 chloroplast genomes from Camellia species, and then

aligned them with C. atrothea using MAFFT. Phylogenetic
tree among them was then constructed using RAxML with
Actinidia chinensis as outgroup and GTRþGþ I as the best
suitable model. Result shows that C. atrothea is close to
C. leptophylla (Figure 3). Both of them are clustered into a
single clade comprising species from section Thea of genus
Camellia, consistent with earlier findings (Wu et al. 2022).

Discussion and conclusion

We reported the 157,099 bp whole chloroplast genome
sequence of C. atrothea, which encodes a total of 133 genes
and comprises a large and small single-copy region as well
as a pair of inverted repeats region. Read mapping shows
that all genomic regions of C. atrothea chloroplast genome is
well covered by sequencing reads, suggesting a high accur-
acy of the genome assembly (Supplemental Figure 3). Similar
to many studies, the overall gene order, GC content, and
gene direction of C. atrothea cp genome are comparable to
those published chloroplast genomes of Camellia species
such as C. sinensis (Huang et al. 2014). We also fully identified
the polymorphic SSR in C. atrothea cp genome, and

Figure 2. The complete chloroplast genome map of C. atrothea. Arrangement of 133 genes represented in the map, including 88 protein coding genes, 37 tRNA
genes, and 8 rRNA genes. The GC% along the chloroplast is represented by the inner circle.
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investigated the phylogenetic relationships between C. atro-
thea and other Camellia plants. The overall obtained results
and findings will not only provide valuable genetic markers
for tea breeding programs, but also offer vital phylogenetic
framework for future population genetic studies and conser-
vations in C. atrothea. In the future, we will further
sequence the whole nuclear genome of C. atrothea and
investigate the evolution patterns of tea quality related
secondary metabolites to identify key genes associated with
tea quality and disease resistance, which will help the gen-
etic research and breeding progress of cultivated tea plants
in the future.
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